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SUMMARY 

A Pd-13wt%Cr solid solution is a promising high-temperature strain gage alloy. In bulk form it has a 
number of properties that are desirable in a resistance strain gage material, such as a linear electrical- 
resistance-versus- temperature curve to 1000 °C and stable electrical resistance in air at 1000 °C. However, 
unprotected fine wire gages fabricated from this alloy perform well only to 600 °C. At higher tempera- 
tures severe oxidation degrades their electrical performance. In this work Auger electron spectroscopy has 
been used to study the oxidation chemistry of the alloy wires and ribbons. Results indicate that the oxi- 
dation is caused by a complex mechanism that is not yet fully understood. As expected, during oxidation, 
a layer of chromium oxide is formed. This layer, however, forms beneath a layer of metallic palladium. 
The results of this study have increased the understanding of the oxidation mechanism of Pd-13wt%Cr. 


INTRODUCTION 

Hypersonic vehicle research and continued improvement of gas turbine engines require more experimental 
data on the performance of engine and airframe components under harsh conditions. One of the more impor- 
tant parameters requiring measurement is static strain at temperatures to approximately 1000 °C. Meas- 
uring static strain at high temperatures with a resistance strain gage requires levels of electrical stability 
and repeatability that are currently unavailable with commercial gages. However, during a NASA-sponsored 
program (ref. 1), a solid solution of Pd-13wt%Cr (henceforth called PdCr) has shown promise in over- 
coming these limitations and extending the range of static strain measurement to higher temperatures. 

As a bulk alloy PdCr displays a number of intrinsic characteristics that make it attractive for use in 
high-temperature strain gages. PdCr has a relatively high melting point of 1397 °C and displays stable 
electrical resistance in air at 1000 °C. The relationship of electrical resistance to temperature for PdCr is 
linear to over 1000 °C and, unlike that for many other candidate materials, it is insensitive to heating or 
cooling rates (ref. 1). Formation of an adherent, self-protective chromium oxide film provides the bulk 
alloy with good oxidation resistance. In addition, PdCr exhibits strong adhesion to alumina, which pro- 
vides electrical isolation between the substrate and the sensor material. 

Although the bulk alloy has many desirable properties, problems have been observed when PdCr has 
been fabricated into fine wires and thin films. When this alloy is fabricated into these structures with 
relatively large surface-to- volume ratios, the alloy’s performance degrades at elevated temperatures. When 
the alloy wires or thin films are heated in air for prolonged times at temperatures above 600 °C, unstable 
electrical resistance has been observed (ref. 2). This sensor failure problem has been attributed to severe 
oxidation of the alloy. 


In preliminary oxidation studies chemical analyses after annealing above 600 °C in air indicated that 
the surface chemistry of the wires influenced the electrical properties to a far greater degree than did 
previously studied larger rod structures (ref. 3). First, palladium has been reported to segregate to the 
surface rather than a surface layer of chromium oxide being formed (ref. 3). Second, palladium has also 
been found to be enriched at the grain boundaries following oxidation (ref. 3). Last, aluminum and other 
trace elements have been reported as contaminants (ref. 4). 

In order to understand these chemical differences and to improve the electrical performance of this 
alloy at high temperatures, a controlled oxidation study has been undertaken and is reported here. Two 
sample configurations, wire and ribbon, were used for this study. These sample configurations provide 
relatively high surface-to-volume ratios and thereby simulate an important aspect of strain gages that are 
currently being designed to be minimally intrusive. The ribbon wets also an ideal size for analysis in the 
spectrometer. 

Thermal treatments were conducted in both air and vacuum. Because palladium enrichment and con- 
tamination had been observed in the preliminary oxidation studies referenced earlier, the vacuum treat- 
ments were included in order to separate the thermally induced effects, such as phase changes, grain 
growth, and segregation, from the effects due to oxidation. 

After the heat treatment the chemistry of each annealed sample was studied by Auger electron spectro- 
scopy (AES). AES elemental maps provided information on the spatial distribution of palladium, chromium, 
and oxygen. Compositional analysis of the sample as a function of depth was determined by performing argon 
ion sputter etching and recording a depth profile. The spectroscopic results assisted in suggesting a mech- 
anism for the oxidation process. 

During this study an extensive literature search has been completed. A bibliography of all literature 
sources used in the present investigation is included. 


EXPERIMENTAL PROCEDURE 
Samples 

The samples used for analysis consisted of wires and ribbons fabricated from bulk material with a 
nominal composition of Pd-13wt%Cr (23 at.% Cr). The material was analyzed by atomic emission spectros- 
copy for aluminum, copper, iron, platinum, and silicon. The results are presented in the following table: 


Element 

Content, 11 

wt% 

Wire 

Ribbon 

Aluminum 

<0.001 

0.1 

Copper 

.018 

.1 

Iron 

.085 

.1 

Platinum 

.15 

.2 

Silicon 

.002 

.1 


“’Values are from National Spectro- 
graphic Laboratories. Sample size 
limited the relative accuracy to 
10 %. 
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Wire samples were 70 /jm in diameter. The wire was supplied by Battelle-Columbus Laboratories 
(Columbus, Ohio) and had been produced by casting, drawing, and then annealing. Ribbon samples were 
70 fx m thick and 2.5 mm wide. The ribbon was produced at NASA Lewis by a spin melt process that is 
essentially a quenching process and may incorporate impurities during fabrication. The fine wire was 
subjected to substantially more cold working and annealing than was the ribbon. The surface-to-volume 
ratio of the wires was nearly twice that of the ribbons. Even though the wire diameter and the ribbon 
thickness were substantially greater than in actual strain gages, these configurations were selected in 
order to facilitate analysis by AES. 

The samples were prepared as follows: They were first cleaned in a 1:1 solution of concentrated hydro- 
chloric and nitric acids for 15 s. After chemical etching they were rinsed in deionized water, acetone, and 
three baths of methanol. After they were dried with nitrogen gas, the samples were handled with degreased 
tools. Because of the limited supply of these materials the samples were cut into 1- to 2-cm lengths for 
thermal cycling. 


Heat Treatment 

Two different heat treatments were completed. The first was under vacuum conditions. The vacuum 
furnace anneals were done in a diffusion-pumped vacuum chamber at base pressures below 5xl0~ 5 Pa. 
The second set of thermal cycling experiments was done in air using a muffle furnace. For both the vacuum 
and air anneals the temperatures were monitored with a type K (Chromel-Alumel) thermocouple mounted 
within 4 cm of the sample and having a calibrated digital readout. The annealing times and temperatures 
are listed in table I. 


Analysis 

The chemistry of both preannealed and postannealed samples was analyzed by AES. Each sample was 
mounted into the spectrometer by clamping under a molybdenum mask. AES surveys, depth profiles, ele- 
mental maps, and line scans were obtained with a Perkin-Elmer Model 4300 scanning Auger microprobe 
(SAM) system. Secondary electron detector (SED) images of analysis areas were also obtained with this 
system. Mechanical drift of the sample manipulator and an electronics problem with the detector of this 
spectrometer limited the operating conditions and caused poor signal-to-noise levels. For most of the 
analyses the primary electron beam voltage was 5 kV and the beam current was generally less than 10 nA. 

In order to examine the thicknesses of the surface species and any underlying layers, depth profiles 
were obtained by argon ion sputtering at 4 kV. During a profile the peak-to-peak intensity of the major 
Auger transition for each element being investigated was recorded as a function of controlled sputter etching 
time, which is related to the depth into the sample. Sputtering rates varied from 10 to 90 nm/min as cali- 
brated against a standard of Ta 2 O s /Ta. Atomic concentrations, which are only semiquantitative values, 
were calculated by using the Perkin-Elmer sensitivity factors (ref. 5). 

After the depth profile the resulting crater was imaged. The various layers were readily detected from 
the SED image. Line scans across the crater edge were recorded to verify the thickness of the layers observed 
in the depth profile. A line scan is a plot of the peak-to-peak height, which is related to the atomic con- 
centration, as a function of distance. 

In addition to the samples already described, a cross section of a PdCr ribbon was prepared for addi- 
tional AES analysis. The 45-^m-thick PdCr ribbon, which had previously been annealed in air at 800 °C 
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for 16 hr, was held vertically in an approximately 3-cm-diameter mold and covered with a liquid plastic. 
After the plastic hardened, it and the ribbon were cut so as to expose a cross section of the ribbon. This 
cut face was then polished. In order to place the sample in the Auger spectrometer, the plastic mounting 
material was cut away, reducing the sample size but leaving the polished cross section of the ribbon 
exposed. By reducing the amount of plastic to be inserted into the spectrometer to the smallest size that 
would permit handling, outgassing was minimized and the vacuum integrity was maintained throughout 
the analysis. Approximately 20 nm of gold was sputter deposited on the polished face of the plastic- 
covered sample, and 100 nm of gold on the other sides, to prevent sample charging and to provide an 
electrically conducting surface. 


RESULTS AND DISCUSSION 
Vacuum Anneals 

Surface roughness and precipitate formation . — After vacuum annealing two major changes in surface 
morphology were noted. First, the surface roughness changed. Second, with higher temperature treatments 
precipitates formed on the surface. 

During vacuum annealing significant surface roughness changes were observed on both the ribbons and 
the wires. The three SED images displayed in figure 1 were recorded of the wire surfaces after 20 hr of 
annealing at three different temperatures. As the temperature was increased from 550 to 950 °C (figs. 1(a) 
to (c), respectively), the surface roughness decreased. This decrease in surface roughness with increasing 
temperature could possibly be due to grain growth, which reduced the number of grain boundaries. No 
attempt was made in this study to verify grain growth. 

The second major morphological change upon vacuum annealing was the formation of precipitates, 
which can be observed as white dots in figures 1(b) and (c). These precipitates, which were detected only 
on samples heated above 700 °C, became more noticeable as the annealing temperature increased. The 
formation of these precipitates with increased annealing temperature suggested the dissolution of impuri- 
ties and their segregation from the bulk alloy. 

Survey scans . — AES data were collected in order to identify the elemental composition of these pre- 
cipitates and to determine if any segregation had occurred. With the electron beam focused onto a white 
precipitate on a wire annealed at 800 °C for 20 hr, a survey scan was recorded. The result, shown in fig- 
ure 2, revealed the presence of aluminum along with palladium and chromium and the other more com- 
mon surface contaminants sulfur, carbon, and oxygen. Aluminum was detected only in the areas with 
precipitates. Lei (ref. 3) had previously suggested that aluminum and silicon may cause microstructural 
transitions in an alloy wire annealed above 800 °C. The origin of the aluminum was not positively iden- 
tified, but it could be a processing impurity that upon heating segregated to the alloy surface. 

An AES survey scan of a featureless area of a wire annealed at 1000 °C for 20 hr (fig. 3) revealed 
similar surface contaminants of sulfur, carbon, and oxygen but no aluminum. From the peak intensities 
for the palladium MNN transition at 330 eV and for the chromium LMM transition at 490 eV, approxi- 
mate atomic concentrations of 40% palladium and 21% chromium were determined, with the balance con- 
sisting of 4% sulfur, 20% oxygen, and 15% carbon. Because the ratio of the chromium concentration to 
the palladium concentration was higher than in the bulk alloy and oxygen was present, chromium oxide 
enrichment at the surface was theorized. 
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Depth profiles . — In order to determine whether the sulfur, carbon, and chlorine were only surface 
contaminants, a depth profile of a ribbon annealed in vacuum at 650 °C for 20 hr was obtained (fig. 4). 

In this profile the sulfur, carbon, and chlorine were etched away in the first several minutes of sputter 
time. These results suggested that sulfur, carbon, and chlorine were only surface contaminants, and there- 
fore their spectral lines were deleted during data processing in order to eliminate interference with over- 
lapping lines for the three major elements being investigated in this study. The two zero units on the 
x axis represented two presputter cycles. A single cycle consists of recording several sweeps over the 
elemental peak for all the elements to be investigated. Two presputter cycles were recorded in order to 
establish initial atomic concentration values. From the initial values the ratio of the chromium concentra- 
tion to the palladium concentration was found to be higher on the surface than in the bulk alloy. The 
bulk composition was reached after a single cycle of sputter etching. The oxygen level observed in the 
remainder of the profile was essentially the noise level and did not represent oxygen in the bulk. In fact, 
upon examination of the spectral data for the oxygen region, no oxygen peak was detected after approxi- 
mately 10 nm of the surface had been removed. 

These vacuum annealing studies also suggested that no major alloy degradation due to segregation of 
palladium or chromium had occurred. The most significant segregating element was aluminum (an impur- 
ity), which formed precipitates. The precipitates were assumed to be primarily at the surface because 
none were detected when the sputter crater was examined and SED images of the crater were recorded. 

A small amount of oxidation may have been present on the wire annealed at 950 °C for 20 hr. A 
depth profile on this wire (fig. 5) indicated that a 20-nm-thick, oxide-rich, palladium-deficient layer 
(point B to point C) began about 20 nm beneath the surface. This thin layer was probably associated 
with a small amount of oxidation caused by residual oxygen in the vacuum furnace where the anneals 
were done. A layered structure, with palladium on top and oxide beneath, was seen in the air anneals and 
is discussed in the following section. 

Air Anneals 

Surface roughness . — Upon examination of SED micrographs the samples annealed in air were found to 
be much rougher than the samples annealed in vacuum. In fact, the roughness of the air-annealed samples 
was of such a magnitude that any precipitates, such as those detected after vacuum annealing, would 
have been indistinguishable from the rough scale. As shown in figure 6 the topography of wires annealed 
for 20 hr in air at 550, 750, and 800 °C increased in roughness both with increasing temperature and 
relative to the vacuum-annealed counterparts. This increased surface roughness after air annealing was 
particularly pronounced in the samples annealed at or above 750 °C. The vacuum-annealed sample (fig. 1(b)) 
began to get significantly smoother at 750 °C, whereas the air-annealed surface in figure 6(b) was sub- 
stantially rougher. 

Below 800 °C, ridges (believed to be located over grain boundaries) were visible on the samples 
(figs. 6(a) and (b)). At 800 °C and above, the surface of the wires appeared to be covered by a thick 
scale containing a few holes (fig. 6(c)). 

Survey scans . — AES survey scans recorded on samples after annealing in air revealed high concentra- 
tions of palladium on the surfaces. Figure 7 shows a survey scan of a wire annealed in air for 5 hr at 
850 °C. The spectrum was dominated by strong palladium lines. The weaker palladium peak at 279 eV 
was severely overlapped by the carbon KLL transition. Peaks from oxygen and carbon are believed to be 
due to a few monolayers of surface contamination, which are commonly observed on samples exposed to 
room air. 
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Depth profiles . — Depth profiles on air-annealed samples indicated that the palladium-rich layer cov- 
ered an oxide-rich layer. Figure 8 shows a depth profile of a wire annealed in air for 20 hr at 600 °C. The 
two presputter data acquisition cycles revealed palladium and oxygen with only a small amount of chro- 
mium at the surface. The oxygen concentration dropped to near the noise level almost immediately upon 
sputtering. This behavior was consistent with the hypothesis that the oxygen detected in figure 7 was 
only surface contamination due to exposure to room air. After this surface contamination was removed, a 
palladium-rich layer was exposed. From point A to point B in figure 8 no chromium or oxygen was 
detected. From the sputter rate calibration this palladium-rich layer was found to be 1000 nm thick. At 
point B the interface between the palladium-rich layer and the oxide-rich layer was reached. At this 
palladium/oxide interface the palladium concentration decreased rapidly and the oxygen concentration 
increased as the oxide layer was exposed. Along with the oxygen increase the chromium concentration 
increased from essentially the noise level to slightly less than its bulk value. After another 2500 to 3000 nm 
of sputtering the oxygen concentration decreased while the palladium and chromium concentrations 
reached their bulk values. At this oxide/bulk interface, marked point C in figure 8, the oxide-rich layer 
was etched away. The depth from point B to point C was used to measure the oxide layer thickness of 
3000 nm. The bulk alloy composition was calculated from the steady-state profile data and found to be 
70 at.% palladium and 30 at.% chromium. The discrepancy between the bulk concentration values 
obtained from these profile data and the actual alloy composition was attributed to the relatively high 
noise levels present in the data and to the lack of standards, which prevented calculation of more precise 
sensitivity factors. 

In an attempt to compare oxidation rates at different temperatures and hold times, the depths from 
the surface to the palladium/oxide and oxide/bulk interfaces were plotted a s a function of annealing tem- 
perature. The position at which the palladium/oxide interface occurred was taken as the point where the 
palladium concentration rapidly decreased and the oxygen concentration rapidly increased (point B in 
fig. 8). The position at which the oxide/bulk interface occurred was taken as the point where the palla- 
dium concentration rapidly increased to its bulk value and the oxygen concentration rapidly decreased to 
the noise level (point C in fig. 8). These positions were determined somewhat subjectively and are there- 
fore only approximate. The points B and C were chosen for each depth profile and the results were plot- 
ted. Figures 9(a) and (b) are the results for the wires annealed in air for 5 and 20 hr, respectively. The 
straight lines are linear least-squares fits to the data. Straight lines were chosen only because they repre- 
sented the simplest possible dependence. In figure 9 the zero on the Y axis represents the wire surface. At 
any one temperature the depth from the surface to the palladium/oxide interface is the thickness of the 
palladium-rich layer, and the depth from the palladium/oxide interface to the oxide/bulk interface is the 
thickness of the oxide-rich layer. For both the 5- and 20-hr anneals the palladium-rich layer thickened 
with increasing temperature as evidenced by the upward slope of the line through the palladium/oxide 
interface points, but the thickness of the oxide-rich layer (the difference between the curves) remained 
roughly constant over the temperature ranges studied. 

Long sputter times were required to sputter through the relatively thick palladium and oxide layers 
on the air-annealed samples. As a result, sputtering artifacts, such as severe cone formation, occurred. 

The formation of these artifacts as sputtering progressed can be seen in figure 10, which shows SED images 
recorded at various sputter depths for a wire annealed in air at 750 °C for 20 hr. These sputtering arti- 
facts contributed to the uncertainty in the exact location of the interfaces and to the scatter observed in 
figure 9. In addition, the interfaces were by no means planar or sharp. The combination of the sputtering 
artifacts and the broad, nonplanar interfaces could have resulted in significant variations in the thickness 
measurements. The relatively poor signal-to-noise ratio of the depth profiles, primarily due to instrumen- 
tal problems (as shown in fig. 8), further contributed to the scatter observed in figure 9. 
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Line scans . — Upon examining the wires that had been depth profiled, it was found that the heavy 
sputtering had ion milled the wires to a large extent and that in some areas this ion milling had exposed 
cross sections of the layered structures of the wires. Figure 11 schematically illustrates the geometry of 
these ion-milled sections. By recording Auger line scans across the revealed exposed layers, information 
similar to that obtained from the depth profiles could be recorded. In figure 11, as the electron beam wets 
scanned from point D to point A, the Auger peak-to-peak intensities for palladium, chromium, and oxygen 
were recorded as a function of position. The y-axis is the peak-to-peak intensity relative to the baseline. 

Three such line scans were taken on a wire that was annealed in air at 750 °C for 20 hr, after it had 
been sputtered for 13 hr. An SED image of the wire is shown in figure 12. The lines labeled 1, 2, and 3 
correspond to the three different line scans. Figure 13 was recorded at the line marked 1 in figure 12. The 
0-/xm position of figure 13 corresponds to point D in figure 11 and the top of figure 12. Here, at point D 
in the bulk material the oxygen signal was near the noise level, but strong signals from palladium and 
chromium were recorded. As the beam was scanned across the wire, the first layer to be encountered after 
the bulk material was the oxide-rich layer. The interface between the bulk material and the oxide-rich 
layer is labeled C in the figures. As the beam scanned across the oxide-rich layer, the signals from oxygen 
and chromium became strong relative to the palladium signal, suggesting that this layer may contain 
Cr 2 0 3 , which is the most stable oxide of chromium. The next layer to be encountered was the palladium- 
rich layer. The interface between the oxide-rich layer and the palladium-rich layer is labeled B in the 
figures. A relatively strong signal from palladium was seen between points B and A in the figures. The 
decrease in the palladium signal at point A represented the edge of the wire. The electron beam then 
continued to scan past point A and off the wire. The increase in the chromium signal past the edge of the 
wire was due to chromium in the stainless steel sample mount. It must be remembered that the sputter- 
ing did not result in a true cross section through the center of the wire and that figure 11 is a much sim- 
plified schematic. Nevertheless, the line scans confirmed the results seen in the depth profiles — that the 
oxidized wires had a layered structure with a palladium-rich layer on the surface that was above an 
oxide-rich layer which in turn was above the bulk material. 

Chemical maps of cross- sectioned ribbon . — In order to obtain data free from sputtering artifacts, a 
cross section of a PdCr ribbon was analyzed. Preparation of this sample is described in the Experimental 
Procedure section. Figure 14 shows an SED image along with palladium, chromium, and oxygen elemen- 
tal maps of a cross section of a ribbon annealed in air at 800 °C for 16 hr. At the extreme left of the 
SED image was the plastic material in which the ribbon was mounted. Moving right, the dark, approxi- 
mately vertical line was a gap where the plastic had pulled away from the ribbon. Next was the layered 
surface of the ribbon. Finally, the wide, dark-gray band in the center was the bulk PdCr alloy. On the 
right side of the SED image, at the other surface of the ribbon, the sequence repeated in reverse order. 

In contrast to the heavily sputtered wire, this ribbon represented a true cross section that was pre- 
pared by mechanical cutting and polishing (see Experimental Procedure section). A small amount of sput- 
tering (~25 nm) had been done on the cross section in order to remove the layer of gold that provided 
electrical conduction across the plastic mounting material. This sputtering was, however, much less than 
what the heavily sputtered wire was subjected to, and therefore no sputtering artifacts were noticed. In 
order to acquire an elemental map, the electron beam was slowly rastered across the area shown in fig- 
ure 14(a) while the Auger peak intensity for a particular element was recorded. The peak intensity data 
were then converted to brightness levels. The resulting elemental map showed the concentration of the 
element, with white areas representing high concentrations and dark areas representing low concentra- 
tions. This rastering and recording sequence was repeated for each elemental map. 

The elemental maps showed the same layered structure revealed by the depth profiles and line scans of 
the wires. Figure 14(b) is the palladium elemental map. At the surface of the ribbon (running approximately 


7 


vertically in fig. 14(b)) a thin, uneven, bright line was seen. Because this layer was bright on the palla- 
dium elemental map but dark on the chromium and oxygen elemental maps, it must have been composed 
of metallic palladium. Although this palladium-rich layer was uneven in thickness, the interface between 
it and the next deeper layer was nearly planar. 

Beneath the palladium-rich layer was the oxide-rich layer. This layer was best seen in the oxygen 
elemental map (fig. 14(d)) where it showed up as bright lines near either surface of the ribbon. Because 
this layer showed a slight enrichment in chromium (fig. 14(c)) and was relatively devoid of palladium 
(fig. 14(b)), it probably consisted primarily of Cr 2 0 3 . Although the interface between the palladium-rich 
layer and the oxide-rich layer was nearly planar, the interface between the oxide-rich layer and the bulk 
material was rough. The bulk material showed up as wide, relatively bright bands running from top to 
bottom in the center of the palladium and chromium elemental maps. On the oxygen elemental map the 
bulk material appeared as a dark gray. The reason that this area was not black on the oxygen elemental 
map may be that there was some interference from the chromium Auger lines, which lie near in energy to 
the oxygen Auger line. Such interference could have resulted in a nonzero peak intensity being recorded 
for oxygen when in fact no oxygen was present. 

Two other features were best seen on the palladium elemental map. The first was small dark spots, 
which were seen primarily near the center of the ribbon. Close examination showed that these spots were 
also dark on the chromium and oxygen elemental maps. These small spots were areas where the gold, which 
was deposited to provide electrical conduction, had not been completely removed by sputtering. The sec- 
ond feature was areas, in the bulk material and generally elongated right to left, that showed slightly dif- 
ferent levels of brightness. These areas were the grains of the bulk material. The differences in brightness 
were believed to be due to slightly different yields of secondary electrons from the different crystal faces 
and not to actual differences in elemental concentration. 

From the appearances of the surfaces and the interfaces between the layers in the cross section, infer- 
ences concerning the relative diffusion rates of chromium and oxygen can be drawn. The growth of Cr 2 0 3 
on chromium is believed to occur by outward diffusion of chromium cations (ref. 6). However, as shown 
in figure 14 the growth appeared to be at the interface between the alloy and the oxide-rich layer because 
the original surface of the ribbon was believed to be much smoother and more like the interface between 
the palladium-rich layer and the oxide-rich layer. This observation suggested that oxygen diffusion through 
the oxide layer was faster than chromium diffusion through the oxide layer. This was supported by the 
work of Hulse et al. (ref. 7), who also concluded that oxygen is the major diffusing species in the oxida- 
tion of PdCr. Oxidation along grain boundaries could, however, have been responsible for the appearance 
of the cross sections, and further study is required to determine the growth mechanism unambiguously. 

Oxidation and segregation at grain boundaries . — In addition to the maps acquired on the cross sec- 
tion, elemental maps were also acquired on samples after they had been sputtered for depth profiling. 
Because the intensity of the argon ion beam that was used for sputtering fell off gradually away from the 
center of the beam, the resulting crater had broad, slowly sloping sides. Away from the center of the 
crater the depth to which the area had been sputtered gradually decreased. By acquiring elemental maps 
at different distances from the crater center, one could, in effect, determine the distribution of the various 
elements at various sputter depths. 

Figure 15 shows postsputter AES elemental maps and an SED image that were recorded on the crater 
side walls for a wire annealed at 800 °C in air for 20 hr and sputtered for 13 hr. As shown schematically 
in figure 16, the area had been sputtered to approximately the interface between the oxide-rich layer and 
the bulk alloy; that is, both the palladium-rich layer and the oxide-rich layer had been largely sputtered 
away. The maps showed that, in addition to the layers seen on the surface, the layered structure extended 
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down the grain boundaries and partially surrounded the grains (fig. 16). The grains were easily seen on 
the palladium elemental map (fig. 15(b)) as gray areas outlined in black. The gray was the bulk PdCr 
that had been exposed by the sputtering. The black areas surrounding the grains on the palladium ele- 
mental map were bright in the chromium and oxygen elemental maps (figs. 15(c) and (d)). These areas 
were identified as chromium oxide. Bright spots on the palladium elemental map were areas where the 
palladium-rich surface layer had not sputtered away. Thin thread-like regions of palladium (arrows) 
surrounded by oxide-rich material were seen along grain boundaries. These thin threads of palladium-rich 
material were to the grain boundaries what the palladium-rich surface layer was to the wire surfaces. 

From the grain boundary into the grain the same structure was seen: a palladium-rich layer, then an 
oxide-rich layer, and then the bulk material. 

A palladium-rich surface layer has been seen on all air-annealed samples. This surface layer may have 
been associated with the oxidation of chromium because, in general, no palladium layer has been observed 
on the vacuum-annealed samples. Metallic surface layers are sometimes observed to form when certain al- 
loys undergo internal oxidation (ref. 8). In many ways, PdCr is similar to alloys that exhibit internal oxi- 
dation (refs. 9 and 10). Internal oxidation usually occurs in dilute solid-solution alloys composed of a 
relatively noble metal, such as palladium, and a small amount of a less noble metal, such as chromium. 
The more noble metal must exhibit a significant solubility and diffusivity for atomic oxygen. Although 
some disagreement exists (refs. 11 and 12), most researchers believe that the solubility and diffusivity of 
oxygen in palladium is relatively high (refs. 13 to 15). The percentage of the less noble metal must also 
be low enough to prevent an external scale from forming. Palladium containing 0.2% chromium is known 
to oxidize internally (ref. 10). However, because no evidence of internal oxidation, other than the metallic 
palladium surface layer, was detected in the present study, it may be concluded that the concentration of 
chromium in PdCr (13 wt%) was sufficiently high that an external oxide scale was formed before internal 
oxidation could have occurred. Oxidation along grain boundaries, which was evident on wire samples (fig. 15), 
could also have been responsible for the appearance of the ribbon cross section. The metallic palladium 
along the grain boundaries could have provided a path for oxygen diffusion and promoted grain boundary 
oxidation of chromium. Further study of the initial stages of the oxidation would help to clarify this point. 


SUMMARY OF RESULTS 

From the results obtained during these limited annealing studies the following observations regarding 
the oxidation effects of PdCr were made: 

1. After air annealing at temperatures between 550 and 1000 °C, both ribbon and wire specimens 
exhibited similar chemical behavior, including palladium segregation to the surface, forming a palladium- 
rich layer up to several micrometers thick after five or more hours of thermal treatment, and the develop- 
ment of a several-micrometer-thick, palladium-deficient, oxide layer beneath the palladium-rich region. 

2. Auger electron spectroscopy maps indicated that in the oxidation process oxygen was associated 
only with chromium and was concentrated near the grain boundaries and that at the grain boundaries a 
palladium-rich zone was detected with essentially no chromium or oxygen present. 

3. Vacuum annealing did not produce the significant segregation that was detected after the air- 
annealing treatment. 

4. Aluminum precipitates were observed on the surfaces of wire samples that were annealed in vacuum 
at temperatures above 700 °C. 
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5. The surface roughness of all samples heated in air increased with increasing temperature. For the depth 
profiles this surface roughness will influence the interpretation of the exact position of the interface between 
each layer. 


CONCLUSIONS 

The results of this study show that PdCr, as a fine wire or ribbon, does oxidize under the conditions 
studied. An understanding of the oxidation mechanism may lead to processing methods that can increase the 
operating time and/or temperature limit of this material as a sensor element. 

Although the oxidation mechanism has been found to be complex, several steps of the oxidation proc- 
ess may be theorized from this study. First, oxygen reacts with chromium near the grain boundary, dis- 
placing palladium at this site. Palladium migrates along the grain boundary to the alloy surface. This 
palladium- rich surface layer may then act as a pathway for rapid oxygen diffusion farther into the alloy. 

In addition to the palladium segregation, aluminum, most likely originating as an impurity from the 
alloy processing, migrates to the surface of the wires and ribbons at temperatures above 700 °C. Alumi- 
num, which is an oxygen getter, may also contribute to the oxidation mechanism. 

In order to control the oxidation, one can suggest the following steps to investigate in future studies: 

1. Attempt to suppress the palladium segregation by coating with an oxygen diffusion barrier material. 

2. Alter the grain boundary structure of the material by using a sputter-deposited, thin-film alloy sensor 
or by developing a pretreatment process for the wires, such as changing the cold working or annealing 
parameters. 

3. Investigate the effect that impurities, such as aluminum, have on the oxidation. 
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TABLE I.— SAMPLES USED FOR AES ANALYSIS 


Annealing procedure 

Material 4 

Temperature, 

Time, 

Environment 

Ribbon 

Wire 

°C 

hr 





550 


5 

Vacuum 

• 

• 


20 



• 

• 

650 


5 



• 

• 


20 



• 

• 

750 





• 

• 

800 





• 

• 

850 





• 

• 

950 





• 

• 

1000 






• 

550 

j 

5 

Air 

• 

• 

600 

20 




• 

650 

1 

5 




• 


20 




• 

750 

20 




• 

800 

20 



• 

• 

850 

j 

5 




• 

950 

j 

5 



• 

• 


“A . indicates that a sample was analyzed by AES. 
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(a) 550 °C. 



(b) 750 °C. 

Figure 1 . — SED images of PdCr wires annealed in vacuum at 550, 750, and 950 °C for 20 hr. 
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(c) 950 °C. 

Figure 1 . — Concluded. 



Figure 2. — AES survey scan of unsputtered PdCr wire annealed in vacuum at 800 °C for 20 hr. (The electron beam was focused 
onto a precipitate on the wire surface.) 
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Figure 3.— AES survey scan of unsputtered PdCr wire annealed in vacuum at 1 000 °C for 20 hr. (The electron beam was focused 
onto a featureless area of the wire.) 



Figure 4.— AES depth profile of PdCr ribbon annealed in vacuum at 650 °C for 20 hr. Sputter rate, -1 0 nm/min. 
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Figure 5. — AES depth profile of PdCr wire annealed in vacuum at 950 °C for 20 hr. (Between A and B a palladium-rich layer was 
observed, followed by an oxide-rich layer between B and C. The bulk PdCr was detected after C, or after 50 nm of surface had 
been removed.) 



(a) 550 °C. 

Figure 6. — SED images of PdCr wires annealed in air at 550, 750, and 800 °C for 20 hr. 
(Ridges are visible on the samples annealed below 800 °C, (a) and (b)). 
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(c) 800 °C. 

Figure 6. — Concluded. 
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10 



A B C 



Figure 8.— AES depth profile of PdCr wire annealed in air at 600 °C for 20 hr. (Between A and B a palladium-rich layer was detec- 
ted. Between B and C an oxide-rich layer was observed. To the right of point C the atomic concentrations were representative 
of the bulk material.) 
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Depth, nm 


□ 

O 


Pd/oxide (point B in fig. 8) 
Oxide/bulk (point C in fig. 8) 
Linear least-squares fit to data 

10x103 



1 0x1 03 



Temperature, °C 
(b) Annealing time, 20 hr. 

Figure 9. — Depth from surface to palladium/oxide interface 
and depth from surface to oxide/bulk interface as a function 
of anneal temperature for PdCr wires annealed in air for 5 
and 20 hr. 
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(a) Surface of unsputtered wire. 



(b) Surface layers removed; oxidation visible along grain boundaries. 

Figure 1 0. — Development of sputtering artifacts on PdCr wire annealed in air at 750 °C for 
20 hr. 
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(c) Severe cone formation visible after 13 hr of sputtering. 
Figure 1 0. — Concluded. 


e - 



Figure 1 1 . — Schematic drawing of ion-milled section of wire showing geometry of line scans. (The 
line scans began at point D in bulk material. The electron beam was then scanned across the 
layered structures of the wires, first crossing the interface between the bulk material and the oxide- 
rich layer (point C), then the interface between the oxide-rich layer and the palladium-rich layer 
(point B), and finally leaving the wire at point A.) 
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Figure 1 2. — SED image of wire annealed in air at 750 °C for 20 hr after being sputtered for 
1 3 hr. (The vertical white lines labeled 1 , 2, and 3 show where data were collected. Each 
scan began at point D. Point C is the approximate position of the interface between the 
bulk material and the oxide-rich layer. Point B is the approximate position of the interface 
between the oxide-rich layer and the palladium-rich layer. Point A is the edge of the wire.) 


D C BA 



Figure 1 3. — AES line scan of PdCr wire annealed in air at 750 °C for 20 hr after being sputtered for 1 3 hr. (The A, B, C, and 
D designations refer to the labeled areas in figure 1 2.) 
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(b) Pd map. 

Figure 14. — SED image along with palladium, chromium, and oxygen elemental maps of 
cross section of PdCr ribbon annealed in air at 800 °C for 1 6 hr. (On the elemental maps 
bright areas represent high concentrations of a particular element and dark areas low 
concentrations.) 
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(c) Cr map. 



10 fim 


(d) O map. 

Figure 14. — Concluded. 
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(b) Pd map. 

Figure 15. — SED image along with palladium, chromium, and oxygen elemental maps of 
PdCr wire annealed in air at 800 °C for 20 hr. (This area had been sputtered to approx- 
imately the interface between the oxide-rich layer and the bulk material.) 


30 



(c) Cr map. 



(d) O map. 

Figure 1 5. — Concluded. 
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Palladium-rich layer 



Figure 16. — Schematic cutaway view of PdCr wire after air annealing. (The dotted line 
shows the approximate depth to which the wire shown in figure 1 5 had been sputtered. 
The layered structure of the surface is seen to extend down the grain boundaries.) 
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